Remarkably, the efficiency of conjugational recombinawith single-stranded DNA binding (SSB) protein, tion by the RecF pathway in these recBC sbcBC cells thereby accelerating DNA strand exchange. The Recis similar to that of the RecBCD pathway in wild-type FOR complex recognizes the junction between the cells, demonstrating that the machinery of the RecF ssDNA and dsDNA regions and requires a base-paired pathway is as capable as the RecBCD pathway of DSB 5 terminus at the junction. Thus, the RecFOR complex recombinational repair. Thus, in addition to the RecBCD is a structure-specific mediator that targets recombipathway, the RecF pathway of recombination is impornational repair to ssDNA-dsDNA junctions. This reactant for cellular function and, indeed, is especially necestion reconstitutes the initial steps of recombinational sary for the repair of ssDNA gaps. gapped DNA repair and uncovers an event also comThe mechanism of recombinational repair mediated mon to the repair of ssDNA-tailed intermediates of by the RecF pathway is, relative to the RecBCD pathway, dsDNA-break repair. We propose that the behavior of poorly defined. In the RecF pathway, RecQ helicase the RecFOR proteins is mimicked by functional couninitiates recombination by unwinding at DNA breaks terparts that exist in all organisms. 
The ssDNA-dsDNA Junction Is the Target of RecFOR Hegde et al., 1996a) strongly suggests that the RecF, Protein Action RecO, and RecR proteins can act in a concerted manner.
The only structural difference between the gDNA7200 Here, we demonstrate that the coordinated action of and circular ssDNA substrates is the presence of a RecF, RecO, and RecR proteins mediates the loading dsDNA region and the dsDNA-ssDNA junctions in of RecA protein specifically onto SSB-coated gapped gDNA7200. To determine whether this structure is the DNA. We suggest that this proposed function of RecFOR site for RecFOR protein action, the number of dsDNA proteins can represent a common feature of DNA recomregions and junctions was increased by annealing addibination in all organisms. tional oligonucleotides: one for gDNA7200, two for gDNA3600, and four for gDNA1800. In the presence of RecFOR proteins, RecA protein assembled onto SSBResults coated gDNA3600 or gDNA1800 more rapidly than to the gDNA7200 ( Figures 1D and 1E) . Furthermore, the The RecFOR Proteins Load RecA Protein kinetics of RecA protein assembly onto the SSB-coated onto SSB-Coated Gapped DNA but Not gDNA1800 in the presence of RecFOR proteins (Figure onto SSB-Coated ssDNA 1D, thick continuous line) were the same as for SSBPrior studies suggested that the RecFOR proteins could free gDNA1800 (data not shown; Figure 1E ), indicating function at the level of RecA protein filament formation.
that the rate of SSB-displacement was no longer limTo monitor the kinetics of RecA nucleoprotein filament iting. When RecF protein was omitted, changing the assembly, the ATP hydrolysis activity of RecA protein number of duplex junction regions only slightly affected that results from filament formation was followed. Bethe kinetics of RecA protein binding in the presence of cause RecA protein hydrolyzes ATP when bound to DNA RecOR proteins ( Figure 1C) ; similarly, in the absence of (k cat ϭ 25-30/min; Kowalczykowski and Krupp, 1987;  RecFOR proteins, varying the number of duplex junction Brenner et al., 1987), whereas RecF protein hydrolyzes regions had only a very small effect ( Figure 1B) . Finally, negligible amounts of ATP (k cat Ͻ0.5/min; Webb et al., omission of either RecO or RecR protein also eliminated 1995), the observed ATPase activity predominantly rethe stimulatory effect ( Figure 1E ). These results suggest flects the extent of RecA nucleoprotein assembly. Our that the RecFOR proteins function in a concerted mangeneral strategy was to pre-bind SSB protein to a variety ner at the ssDNA-dsDNA junction in the gDNA to faciliof gDNA substrates and then to monitor the ATPase tate the assembly of RecA protein onto SSB-coated activity resulting from RecA nucleoprotein filament forssDNA. mation, in the presence and absence of RecF, RecO, or RecR protein. The gDNA substrates, containing large gapped and widely spaced duplex regions, were proRecFOR Complex Function Requires a Base-Paired 5 Terminus at the ssDNA-dsDNA Junction duced by annealing short synthetic oligonucleotides to circular M13 ssDNA ( Figure 1A) . in the gDNA To determine which region in the gDNA is essential for We first compared the kinetics of RecA protein assembly onto SSB-coated ssDNA and onto SSB-coated RecA-loading activity, an unpaired region was introduced into the 5Ј-or 3Ј end of the dsDNA region by gDNA7200 ( Figures 1B-1E , thin dashed and thin continuous lines). In this and all following figures showing annealing an oligonucleotide containing heterologous sequences at either end, to produce gDNA with ssDNA ATPase activity, the rate of ATP hydrolysis is plotted. In the absence of the RecFOR proteins, the binding of tails (gDNA7200-5ЈT or gDNA7200-3ЈT). The ability of Rec-FOR to stimulate the loading of RecA protein on these RecA protein onto SSB-free ssDNA was rapid ( Figure  1E ), as previously reported (Kowalczykowski and Krupp, unpaired gDNA substrates was examined (Figure 2 ). RecFOR proteins loaded RecA protein onto gDNA7200-1987); in contrast, and as expected, the binding of RecA protein onto ssDNA coated with SSB protein was very 5ЈT less efficiently than onto gDNA7200 ( Figure 2A) ; the binding kinetics were similar to those on circular ssDNA. whether this was indeed the case, the concentration of RecF protein was varied in the presence of several On the other hand, the RecFOR proteins loaded RecA protein onto gDNA7200-3ЈT more efficiently than onto fixed gDNA concentrations. To simplify analysis, the gDNA7200 substrate carrying a single gap was used. gDNA7200, suggesting that not only was the basepaired 5Ј end important but also that the base-paired When the gDNA concentration is 0.7 nM (molecule), approximately 10 nM of RecF protein is required for maxi-3Ј end is inhibitory, probably due to binding of the RecFR complex to this end (Webb et al., 1997) . Since the hetermum stimulation ( Figure 3A ) When the concentration of gDNA is reduced, the RecF protein concentration ologous sequence attached to the 5Ј terminus of the ssDNA-dsDNA junction inhibited RecFOR function required to achieve saturation is reduced concomitantly and proportionally. These results suggest a stoichiometwhereas 3Ј-heterology did not, these observations indicate that the RecFOR proteins recognize and require ric relationship between the gDNA and RecF protein. RecR proteins was investigated. Figure 4C shows that approximately 0.5 M of RecR protein is required for did reduce the ATP hydrolysis rate at each RecO con- The previous results showed that the RecFOR proteins facilitate the loading of RecA protein specifically onto gDNA to form a nucleoprotein filament. We therefore determined whether the resultant RecA filament has the capacity to promote strand exchange between gDNA and homologous dsDNA ( Figure 6A) . As in the ATPase RecO proteins suggests that RecO protein binds to this complex via RecR protein, perhaps through the RecR 1992). Therefore, we believe that our finding, that the concerted action of RecF, RecO, and RecR proteins is protein that is associated with the RecF protein bound at gap. At present, however, we cannot unambiguously needed to facilitate the loading of RecA protein onto SSB-coated gDNA, reconstitutes an essential step of define the pathway of RecFOR assembly at the gap, nor do we know the molecular ratio of RecFOR proteins that the cellular process.
Our results establish that the loading of RecA protein assemble at the gap; we know only that RecF protein is essential for gap recognition and that both RecO and by the RecFOR proteins requires gDNA as a substrate; ssDNA cannot substitute (Figure 1 ). This observation is RecR proteins are needed in addition. Assembly of the RecFOR complex at the ssDNAparticularly significant because, in the absence of RecF protein, the RecOR-mediated reactions that were predsDNA junction facilitates the specific loading of RecA protein onto the SSB-coated ssDNA. We found that viously reported do not require gDNA (Figures 1B and  1C Figures 1C and 1D) . Therefore, our findings suggest by the bacterial RecFOR proteins. In addition, even though the RecOR proteins are capable of mediating an that RecF protein is recognizing a feature of the gDNA, a conclusion that is consistent with a prior report that exchange of RecA protein for DNA-bound SSB protein, the complete RecFOR complex acting at DNA gaps is RecF protein binds preferentially to gDNA (Hegde et al.,  1996b) . We conclude that the recognition site on the much more effective at loading RecA protein onto ssDNA than is the RecOR complex. Furthermore, begDNA is the 5Ј end of the dsDNA at the gap, because cause of the limiting amounts of RecOR protein present protein, replication protein-A (RPA) (Sung, 1997b) . The in our reactions, only a relatively small amount of RecA cytological observation that rad55 and rad57 mutant protein is being recruited to the ssDNA by the RecOR cells do not assemble Rad51 protein foci during meiotic mechanism; instead, the RecFOR-directed loading of recombination (Gasior et al., 1998) is also consistent with RecA protein onto ssDNA in the gap is the predominant the conclusion that Rad55 and Rad57 proteins facilitate pathway acting in our assays.
Rad51 loading onto RPA-coated ssDNA. In addition, Our collective results, therefore, suggest that the reacseveral Rad51 mutant proteins that suppress the phenotion is divided into several steps ( Figure 7A) 
